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Solar Wind Derived from Ulysses Measurements
Physics 499 Final Report
Kyle Renfroe
May 1, 2019

Abstract
Integrating the phase space distribution of ions in the solar wind allows for the
determination of the bulk plasma properties such as the density and pressure of interstellar pickup
ions. The particle spectra are generated from measurements taken by the Solar Wind Ion
Composition Spectrometer (SWICS) instrument on the Ulysses spacecraft, and are provided for
many different time periods. The particle velocities are originally given in the spacecraft frame
and have been converted to the frame of reference moving with the solar wind. The distribution
function is scaled by a factor of the velocity squared. The interstellar pickup ions in the phase
space distribution are distinguishable by the plateau that they cause in what would otherwise be a
shifted Maxwellian distribution. This plateau determines the limits of integration necessary to find
the bulk properties of the interstellar pickup ions. The upper limit of the plateau is nearly a hard
cutoff at the solar wind speed, but the lower limit of the plateau is not so well-defined. The lower
limit of the plateau merges with the shifted Maxwellian distribution, which complicates the
determination of its exact location. A comparison of the phase space distributions for all provided
time periods may be used to find a consistent method of defining the lower limit of the interstellar
pickup ion plateau. The integration of the phase space distribution with these limits is then
performed to determine the plasma moments (e.g. density and pressure) of the interstellar pickup
ions.
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Background
Origin of Interstellar Pickup Ions
Interstellar pickup ions begin their lives as neutral particles in the interstellar medium,
shown as the blue and black sections on the right side of Figure 1. The Sun moves through the
interstellar medium at about 25 km/s, depicted by the lines flowing towards and around the sun in
this image. Charged particles in the Interstellar Medium are deflected by magnetic fields, but
neutral particles can penetrate the heliosphere. It is these neutral particles that later become pickup
ions.

Figure 1: Sun and Heliosphere Moving Through the Interstellar Medium (Image Credit:
Giacomo Marchesi)

Creation via Charge Exchange
These neutral particles can interact with ions in the solar wind through charge exchange.
This process is shown in Figure 2, where the interstellar neutral particle loses its electron to the
solar wind ion. When the particle gains a charge, it is then dragged along by the magnetic fields
carried with the solar wind. The pickup ions then undergo pitch angle scattering with each other
which causes them to fill a shell within the 3-D phase space distribution, which becomes a plateau
in 1-D.
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Figure 2: Charge Exchange (Image Credit: Giacomo Marchesi)

Ulysses Spacecraft
The Ulysses spacecraft was launched in 1990 and made several polar orbits around the sun
while taking measurements of the solar wind. The Solar Wind Ion Composition Spectrometer
(SWICS) instrument on the Ulysses spacecraft measured elemental and ionic-charge composition,
as well as the speeds of solar wind ions. The SWOOPS instrument measured the current solar wind
speed and total ion density. Ulysses was located at about 5 AU during our time period.

Figure 3: Depiction of the Ulysses Spacecraft (Image Credit: David Hardy)
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Data Analysis
Raw Distribution Data
The phase space distributions of solar wind ions are provided by Dr. Ming Zhang in sixhour intervals over the course of two months in the year 2003. The distributions are originally
taken from Ulysses SWICS measurements in the spacecraft frame as shown in Figure 4. This plot
shows the thermal solar wind core as a kappa function located at the current solar wind speed. The
interstellar pickup ions are in the plateau regions on either side of the thermal solar wind core. This
plateau drops off precipitously at a value of twice the current solar wind speed, and past this point
the suprathermal tail can be seen.

Figure 4: Phase Space Distribution in the Spacecraft Frame (Gloeckler 1998)
The distributions were converted to the solar wind frame by Dr. Zhang using the new
method described in (Zhang et al. 2019), and the distribution function has been scaled by a factor
of the particle velocity squared, as shown in Figure 5. The interstellar pickup ions can be found in
the distinct plateau region between the thermal solar wind core and the suprathermal tail, although
the exact limits of the pickup ion region are not well defined, especially during solar events. The
short accumulation interval of six hours leads to large statistical uncertainties, prompting an
analysis of various smoothing methods to improve the consistency of the integration results.
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Figure 5: Phase Space Distribution in the Solar Wind Frame

Selection of Time Period for Validation
The SWICS data that we are using was previously analyzed by Dr. Devrie S. Intriligator
(Intriligator et al. 2012) to find the density and temperature of interstellar pickup ions during
October and November of 2003. We intend to extend this analysis to cover the entire Ulysses
mission duration by using the distributions provided by Dr. Zhang (Zhang et al. 2019). To validate
our analysis, we use the same time period used by Dr. Intriligator so that we may compare our
results for the density of the interstellar pickup ions.
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Calculation of the Plasma Moments
The bulk properties of the interstellar pickup ions are found by calculating the plasma
moments. The first plasma moment is density, which for a 3-dimensional distribution is
#

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚3 ) = ∫ 𝑓 𝑑 3 𝑣
When converted to a 1-dimensional integral, this equation becomes
#

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚3 ) = 4𝜋 ∫ 𝑣 2 𝑓 𝑑𝑣
which enables us to directly integrate the scaled distribution function by finding the area under the
curve. The other plasma moments depend on the density result, so we will wait to calculate those
until the density calculation is finalized.

Determining the Limits of Integration
We are interested in the bulk properties of the interstellar pickup ions in the distribution,
so we set our limits of integration to include only the plateau region. At our current stage we are
comparing our results to that of Dr. Intriligator (Intriligator et al. 2012), so we use the same
approximate limits of integration: 0.4 times the current solar wind speed as the lower limit of
integration, and 1 times the current solar wind speed as the upper limit of integration, in the solar
wind frame.

Influence of the Halloween 2003 Solar Events
Our two month long period of data covers the months of October and November during
the year 2003, which includes a series of major solar flares and CMEs often referred to as the
“Halloween 2003” solar events. These solar events significantly change the shape of the
distribution function, as shown in Figure 6. The presence of a solar event significantly increases
the height of the pickup ion plateau, but it also expands the thermal solar wind core until it overlaps
with a significant portion of the plateau, which would drastically increase the calculated density
value if left unaddressed.
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Figure 6: Phase Space Distribution for Quiet Times (Blue) and During a Solar Flare (Orange)
Another issue that the solar events cause is brought on by the sharp changes in the solar
wind speed that normally occur near the beginning and end of solar events. For the intervals that
contain these sharp changes in the solar wind speed, the method of derivation of distribution
functions in the spacecraft frame from the count rates measured by Ulysses/SWICS (Zhang 2019)
is not accurate, and these intervals must be thrown out. Very few intervals must be thrown out in
this way, and the intervals adjacent to these sharp speed changes are perfectly valid.

Rlowess Smoothing Method
The “rlowess” smoothing method is a local linear regression using weighted linear least
squares, and is robust to outliers. This smoothing method excludes the high data points in the
thermal solar wind core, which is beneficial because it prevents those high data points from greatly
influencing the integration result if the lower limit of integration includes these points, particularly
during solar events. This method, while not ideal, works relatively well over the entire two-month
period. This makes it useful for a qualitative comparison to the results of Dr. Intriligator during
this same period. To make this comparison, the results of our six-hour intervals are averaged into
twelve-hour intervals to match the interval length used by Dr. Intriligator. Figure 7 shows the
“rlowess” smoothing method during quiet times, where the method follows the plateau relatively
well. Figure 8 shows the “rlowess” smoothing method during a solar flare, where the method
ignores the high data points in the solar wind core and stays at roughly the level of the pickup ion
plateau.
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Figure 7: Rlowess Smoothing Method During Quiet Times

Figure 8: Rlowess Smoothing Method During a Solar Flare
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Linear Regression Between Limits Smoothing Method
The linear regression smoothing method, using only data points within the limits of
integration and a least-squares fit, is most effective during the quiet times outside of solar flares.
This method is very reliable and consistent in the pickup ion plateau region during quiet times, but
it does not work well during solar flares due to the overlap of the thermal solar wind core and the
pickup ion plateau during these events. To improve the consistency of the results, the six-hour
interval distributions are averaged into eighteen-hour interval distributions to reduce fluctuations
in the pickup ion plateau caused by the short collection interval. Figure 9 shows the linear
regression between limits smoothing method for an eighteen-hour interval averaged from three
consecutive six-hour intervals. The distribution fluctuates significantly less than each of its sixhour constituents, one of which is shown in Figure 5.

Figure 9: Linear Regression Between Limits Smoothing Method During Quiet Times
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Results
Rlowess Smoothing Method Compared with Intriligator
To qualitatively assess the results of integrating the curve produced by the “rlowess”
smoothing method, we compared our density results to those calculated by Dr. Intriligator
(Intriligator et al. 2012). Figure 10 shows a plot of this comparison. The horizontal axis shows
the Date of Year in 2003, and the vertical axis shows the pickup ion density on a logarithmic
scale.
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Figure 10: Rlowess Smoothing Method Compared to Intriligator
This plot shows that using the “rlowess” smoothing method on the data provided by Dr.
Zhang gives results that are qualitatively very similar to the results of Dr. Intriligator. The only
major difference between the two is the large drop in density after the third solar flare shown in
Dr. Intriligator’s results. The five large peaks in the pickup ion density are caused by solar flares,
and during these times the pickup ion density is increased by an order of magnitude or more.
This large increase in the pickup ion density is caused by a roughly proportional increase in the
total ion density during solar flares. The increased total ion density provides many more ions for
interstellar neutral particles to interact with via charge exchange, leading to a large increase in
the pickup ion density during these times.

Linear Regression Smoothing Method Compared to Direct Integration
The intent of using the linear regression smoothing method is to improve the consistency
of the results in the quiet times outside of solar events. Figure 11 shows a comparison of the
linear regression smoothing method for eighteen-hour intervals to the direct integration of the
distribution for six-hour intervals. Data points during solar flares are excluded. The horizontal
axis shows the Date of Year in 2003, and the vertical axis shows the pickup ion density on a
linear scale.
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Figure 11: 18hr Linear Regression within Limits Compared to 6hr with No Smoothing
This plot has a linear scale on the vertical axis, so it shows much more detail than Figure
10 in the quiet times outside of solar flares. There are large fluctuations in the results for the sixhour intervals with no smoothing, but the eighteen-hour intervals with the linear regression
within limits provide much more consistent results. This method is currently ineffective in the
presence of solar flares, but adjusting the limits of integration during these times may fix this
issue by accounting for the acceleration of the pickup ions by the solar flare. This would require
a detailed analysis of the distributions during solar flares, as well as the development of a new
method of determining the limits of integration.
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Conclusions
Using Dr. Zhang’s phase space distribution data, and the “rlowess” smoothing method,
we have found that our results for the density calculation are qualitatively very similar to the
results found by Dr. Intriligator. Our use of the linear regression within limits smoothing method
improves the consistency of the results during the quiet times outside of solar flares. This shows
that our methods are promising for the purpose of studying interstellar pickup ions during quiet
times as well as during solar events.
Moving forward, we plan to perform detailed analysis of the phase space distributions in
the presence of solar events so that we may better understand them and improve the current
smoothing methods. We also aim to use alternative smoothing methods in the future to develop a
way of automatically determining the limits of integration for the interstellar pickup ions. Once
these goals are accomplished we will extend our analysis to cover the entire Ulysses mission
duration.
I intend to continue this research project over the summer so that we may accomplish
these goals. I presented our current results at the Space Weather Workshop in Boulder, Colorado
at the beginning of April, and I am planning to present updated results at the Solar Heliospheric
and Interplanetary Environment (SHINE) Conference in August.
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